In a previous study, we reported that adding tin to Mg-Al-Ca alloys inhibits cast cracking while maintaining excellent heat resistance. In this study, to clarify the mechanism resulting in the improved castability, Mg-Al-Ca alloys with different compositions were cast by high-pressure die casting into an I-shaped die with strain gauge instrumentation. The solidi cation shrinkage and thermal contraction of the alloys during the solidi cation and cooling process were investigated. The addition of tin decreased the solidi cation shrinkage of the alloys, and the tensile stress in the alloys was relaxed. On the basis of these results, the addition of tin is considered to improve the castability. Fig. 1 Schematic illustration of die with I-shaped cavity.
Introduction
To signi cantly reduce the mass of automobiles, it is effective to use magnesium alloys, which are the lightest of all the practical metals. Currently, magnesium alloys are mainly used for interior parts subjected to a relatively low thermal load. The application of magnesium alloys is expected to be extended to the peripheral parts of the engine, which are subjected to high temperatures and loads and have large and complex shapes. Therefore, it is necessary for magnesium alloys to have higher heat resistance and superior castability to general-purpose magnesium alloys.
Magnesium alloys such as Mg-Al-RE 1, 2) , Mg-Al-Si 3, 4) , Mg-Al-Sr 5, 6) , and Mg-Al-Ca have been developed for high-pressure die casting. In particular, Mg-Al-Ca alloys have high heat resistance [7] [8] [9] [10] and resist combustion upon the addition of calcium 11, 12) . However, there is concern that cast cracking can easily occur as a result of calcium addition 13) .
By examining the heat resistance and castability of Mg-Al-Ca alloys, it was previously found that (i) increasing the calcium content improved the heat resistance but also increased cast cracking, and (ii) adding tin to Mg-Al-Ca alloys inhibited cast cracking while maintaining excellent heat resistance 14) . It is assumed that adding tin slightly increased the area of the eutectic phase, causing small shrinkage cavities to form in the residual liquid phase, and nally, the generation of these shrinkage cavities relaxed the stress in the alloys resulting from solidi cation shrinkage. However, the relationship between solidi cation shrinkage and cast cracking has not been investigated quantitatively.
In this study, to clarify this relationship, the solidi cation shrinkage and thermal contraction of Mg-Al-Ca alloys were evaluated quantitatively by measuring the strain in the die during the solidi cation and cooling process. Moreover, factors that contribute to the occurrence of cast cracking and the effects of tin addition on the improvement of castability were considered on the basis of the obtained results.
Experimental Procedure

Die shape
To quantitatively evaluate the solidi cation shrinkage and thermal contraction quantitatively during the solidi cation and cooling process, magnesium alloys were cast by high-pressure die casting into a die with an I-shaped cavity; such dies have previously been used for the quantitative evaluation of castability 15, 16) . Figure 1 shows a schematic illustration of the die (JIS S50C) used in this study, and Table 1 shows the high-pressure die casting conditions. The shape of the cavity was similar to a tensile test specimen with a parallel part. A heat insulator (ISOWOOL 1260 papers S, ISO-LITE Industry, Ltd.) was adhered to the center of the parallel part. Molten alloy was injected from the bottom into the cavity using a plunger. Then, solidi cation progressed from the upper and lower parts toward the center of the cavity, with solidi cation nally occurring at the center of the parallel part, as shown in Fig. 2 .
Solidi cation shrinkage and thermal contraction occur in the alloys during the solidi cation and cooling processes. The change in the thermal volume of the die material is smaller than that of the magnesium alloys. Therefore, compression stress is applied to the parallel part of the die, and tensile stress is accordingly applied to the nal solidi cation position of the magnesium alloy during the solidi cation and cooling process. Cast cracking occurs in magnesium alloys owing to tensile stress. The length of the parallel part (x) is set to 40 mm and 80 mm to change the tensile stress due to solidication shrinkage and thermal contraction.
Measured data
A strain gauge was adhered to the parallel part, as shown in Fig. 1 . The parallel part of the die was very thin (1.5 mm). The strain along the longitudinal direction of the parallel part was measured. Because it was impossible to adhere the strain gauge to the molten alloys during the solidi cation and cooling processes to measure the strain, the strain of the magnesium alloys was measured indirectly by measuring the strain of the parallel part of the die. Moreover, a hole was bored in the parallel part, and a thermocouple was passed through the hole. The temperature of the magnesium alloys during the solidi cation and cooling process was measured directly using the thermocouple.
The magnesium alloys were cast by high-pressure die casting with a die such as the one described above, and the displacement of the plunger, the temperature of the magnesium alloy, and the strain of the parallel part were measured.
Experimental procedure
The casting experiments were performed in two phases. < Phase 1 > In phase 1, the relationship between the solidi cation shrinkage and thermal contraction and the strain measured by the strain gauge adhered to the parallel part was investigated.
Three casting experiments were performed as follows:
(1) Casting without a magnesium alloys (i.e., only operating the high-pressure die-casting machine)
(2) Casting with a spacer placed in the upper part of the cavity (see Fig. 3 )
(3) Casting without a spacer < Phase 2 > In phase 2, while changing the composition of the magnesium alloy and the length of the parallel part, casting experiments were performed without a spacer. Four different magnesium alloys were used: Mg-5%Al-2%Ca-0.3%Mn-0.5%Si (5A2X), Mg-9%Al-3%Ca-0.3%Mn-0.5%Si (9A3X), Mg-9%Al-5%Ca-0.3%Mn-0.5%Si (9A5X), and Mg-9%Al-3%Ca-0.3%Mn-0.5%Si-0.2%Sn (9A3X+Sn). Figure 4 shows the results of casting without a magnesium alloy. When the plunger moved (i.e., at the moment of the shot), the strain decreased and compression strain was exhibited. That is, the plunger impacted on the die at the moment of the shot, and compression stress was applied to the parallel part of the die. Figure 5 shows the results of casting with a spacer placed in the upper part of the cavity. The strain immediately before the shot was corrected to zero. At the moment of the shot, the temperature of the molten alloy suddenly increased to 600 C and decreased soon after. It was assumed that the temperature of the molten alloy at the moment of the shot was about 650 C. However, some time elapsed before the temperature of the thermocouple itself increased. Therefore, the maximum temperature was about 600 C.
Results and Discussion
Examination of the strain measurement method
On the other hand, the strain increased at the moment of the shot, immediately decreased, and then converged slowly to −200 me. This behavior is analyzed in Fig. 6 . At the moment of the shot, the parallel part of the die expanded owing to the heat of the molten alloy and bulged outward owing to the internal pressure of the molten alloy. Therefore, the strain increased and tensile strain was exhibited ( Fig. 6(a) ). After that, solidi cation progressed, and the temperature of the parallel part decreased with decreasing temperature of the molten alloy. In addition, the pressure applied by the plunger did not gradually propagate through the molten alloy to the nal solidi cation position ( Fig. 6(b) ). Finally, only compression strain remained, and the strain exhibited a constant negative value ( Fig. 6(c) ). Figure 7 shows the results of casting without a spacer. The strain increased at the moment of the shot. Shortly after, it decreased and compressive strain was exhibited. After that, it reached a local minimum then suddenly increased. This behavior is analyzed in Fig. 8 , in which a comparison between the strain curve in Fig. 5 and that in Fig. 7 is shown. In the case of casting with a spacer, similarly to the case of casting without a spacer, the parallel part bulged outward owing to the internal pressure of the molten alloy at the moment of the shot, and the strain was tensile strain. Immediately after that, solidi cation progressed, and the pressure applied by the plunger did not gradually propagate through the molten alloy. In addition, at the same time, solidi cation shrinkage and thermal contraction occurred. The change in the thermal volume of the die material was smaller than that of the magnesium alloys. Therefore, tensile stress was applied to the alloy, and compression stress was accordingly applied to the parallel part (Fig. 8(a) ). After that, as the cooling rate decreased, the rate of change in the thermal volume decreased. Then, the alloy was plastically deformed by the tensile stress of the alloy itself. Therefore, the tensile stress in the alloy became low, and the compression stress in the parallel part simultaneously became low ( Fig. 8(b) ).
From the above, the difference between the minimum of the strain curve in Fig. 5 and that in Fig. 7 represents the so- lidi cation shrinkage and thermal contraction. Therefore, it is possible to compare the solidi cation shrinkage and thermal contraction of magnesium alloys by comparing the minima of the strain curves. Figure 9 shows the results of casting with magnesium alloys having different compositions. The strain curves are shown in Fig. 9 without the displacement of the plunger and the temperature of the alloys. Figure 10 shows images of the magnesium alloy test pieces after casting. Moreover, the minima were calculated from the strain curves in Fig. 9 and converted into absolute values. Figure 11 shows the absolute values for the alloys. The occurrence of cast cracking, con rmed from Fig. 10 , is also shown in Fig. 11 . The larger the absolute value of the minimum strain, the greater the solidi cation shrinkage and thermal contraction. When the strain was over 1200 × 10 −6 , cast cracking always occurred. On the other hand, when the strain was below 1000 × 10 −6 , cast cracking did not occur in three samples but occurred in one sample (9A3X, x = 40 mm). Therefore, the occurrence of cast cracking did not depend on only the absolute value of the minimum strain. Figure 12 shows the relationship between the occurrence of cast cracking, the calcium content, and the absolute value of the strain. In the area to the top right of the dashed line, in which the calcium content was high and the absolute value of the strain was high, cast cracking occurred. On the other hand, in the area to the bottom left of the dashed line, in which the calcium content was low and the absolute value of the strain was low, cast cracking did not occur.
Effect of composition on strain
With increasing calcium content, the amount of Al 2 Ca intermetallic compounds increases and the ductility decreases 17) . From the above, in the area to the top right of the dashed line, although the strain is high, the ductility is low owing to the high calcium content. Therefore, cast cracking occurred in this area. On the other hand, in the opposite area, although the strain is low, the ductility increases owing to the low cal- cium content. Therefore, cast cracking did not occur. In other words, Fig. 12 suggests that the occurrence of cast cracking depends on the balance between the ductility of the alloy and the absolute value of the strain (i.e., solidi cation shrinkage and thermal contraction).
In the case of x = 40 mm, cast cracking occurred in the 9A3X alloy but not in the 9A3X+Sn alloy. Because both alloys contained the same amount of calcium, the amount of Al 2 Ca in each alloy was the same and the ductility of the two alloys was the same 14) . On the other hand, the absolute value of the measured strain for the 9A3X+Sn alloy was lower than that for the 9A3X alloy, suggesting greater solidi cation shrinkage and thermal contraction in the latter. Because adding tin slightly increased the area of the eutectic phase, the differences in the microstructures of the two alloys were small. Therefore, the difference in strain was caused mainly by solidi cation shrinkage. From the above, it was quantitatively clari ed that the mechanism of the improved castability upon tin addition involved the relaxation of the tensile stress resulting from the generation of small shrinkage cavities during solidi cation.
Conclusions
Mg-Al-Ca alloys with different compositions were cast by high-pressure die casting in an I-shaped die with strain gauge instrumentation. The results obtained are summarized as follows:
(1) The solidi cation shrinkage and thermal contraction during the solidi cation and cooling processes were successfully measured indirectly by measuring the strain of the parallel part of the die.
(2) When the calcium content was high and the strain was high, cast cracking occurred. On the other hand, when the calcium content was low and the strain was low, cast cracking did not occur. Therefore, the occurrence of cast cracking depends on the balance between the ductility of the alloy and the strain (i.e., solidi cation shrinkage and thermal contraction).
(3) Cast cracking occurred in the 9A3X alloy and but not in the 9A3X+Sn alloy. The measured strain for the 9A3X+Sn alloy was lower than that for the 9A3X alloy. Since both alloys contained the same amount of calcium, it was quantitatively clari ed that the addition of tin decreased the solidi cation shrinkage of the alloy and improved its castability. Fig. 10 Images of test pieces after casting. Fig. 11 Absolute values of the minimum strain, and occurrence of cast cracking. Fig. 12 Relationship between the calcium content, the absolute value of the minimum strain, and the occurrence of cast cracking.
